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COMPLEMENTARY DOPING METHODS 
AND DEVICES FABRICATED THEREFROM 
CROSS-REFERENCE TO RELATED 
APPLICATION 
The present application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 61/265,040, filed 30 Nov. 
2009, and entitled "Single-Step Complementary Doping 
Method for Graphene" which is hereby incorporated by ref-
erence in its entirety as if fully set forth below. 
STATEMENT OF FEDERALLY SPONSORED 
RESEARCH 
This invention was made with United States Government 
support under agreement number HROOl 1-07-3-0002, 
awarded by DARPA. The United States Government has cer-
tain rights in this invention. 
TECHNICAL FIELD 
2 
According to some embodiments of the present invention, 
a complementary doping method can include providing a thin 
film of a semiconductor or semimetal disposed on a substrate; 
disposing a dopant source on the thin film of the semiconduc-
tor or semimetal; inducing a first chemical reaction in at least 
a first portion of the dopant source effective to introduce an 
n-type dopant, a p-type dopant, or both to the at least the first 
portion of the thin film of the semiconductor or semimetal; 
and inducing a second chemical reaction in at least a second 
10 portion of the dopant source effective to introduce an n-type 
dopant, a p-type dopant, or both to the at least the second 
portion of the thin film of the semiconductor or semimetal. 
The first and second chemical reaction can be effective to 
produce at least one n-type and at least one p-type region in 
15 the thin film of the semiconductor or semimetal. 
The semimetal can be, for example, graphene. 
In some cases, the dopant source can comprise an electro-
magnetic radiation-sensitive material. In certain instances, 
this electromagnetic radiation-sensitive material is a polymer 
20 precursor, a polymer, or a resist material. 
The various embodiments of the present invention relate 
generally to complementary doping methods. More particu- 25 
larly, the various embodiments of the present invention relate 
In other cases, the dopant source can be a spin-on glass, 
wherein the spin-on glass can be, for example, silicate, silox-
ane, phosphosilicate, or borosilicate. In some cases, the silox-
ane can be a poly(silsequioxane). 
Further, inducing the first and/or second chemical reaction 
can comprise irradiating with a light source, irradiating with 
an ion beam source, irradiating with an electron beam source, 
thermally heating, dielectrically heating, or a combination 
thereof. 
to methods for doping a given material to have both n-type 
and p-type doped regions using a single dopant source, as 
well as to various electronic devices formed therefrom. 
BACKGROUND 
30 Even further, the first and/or second chemical reaction can 
comprise a polymerization, a solvent removal, a cross-link-
ing, an internal rearrangement of atoms or moieties, or a 
combination thereof. 
The method can further include a step of inducing a third 
Complementary doping of semiconducting materials, 
which entails the creation of specified n-type regions (i.e., 
regions where the conductivity is dominated by electrons) 
and p-type regions (i.e. regions where the conductivity is 
dominated by holes), is necessary for the formation of 
complementary metal oxide semiconductor (CMOS) cir-
cuitry that is found in many modern electronic devices. As 
fabrication technology, and thus the size of devices, is scaled 
down, new thin-film materials will be relied upon to replace 
bulk CMOS materials. As such, new complementary doping 
methods will be needed to implement these post-CMOS thin-
film-based technologies. 
35 chemical reaction in at least a third portion of the dopant 
source effective to introduce an n-type dopant, a p-type 
dopant, or both to the third portion of the thin film of the 
semiconductor or semimetal. 
The distance between an n-type and a p-type region in the 
40 thin film of the semiconductor or semimetal can be less than 
Existing doping methods involve implanting or diffusing 45 
dopant atoms into the bulk (i.e., non-surface layers) of a 
material, thus generating an electron- or hole-populated 
region. While such methods are suitable for bulk materials, 
such methods will be largely ineffective on thin-film materi-
als, particularly on films having only a limited number of 50 
layers. 
There accordingly remains a need in the art for improved 
doping techniques for thin-film materials. There is a specific 
need for complementary doping methods that are less intru-
sive than bulk implantation or diffusion would be on a thin 55 
film material. It would be beneficial if such methods could 
or equal to about 30 nanometers. In some cases, this distance 
can be less than or equal to about 10 nanometers. 
The method can further include removing an unreacted 
portion of the dopant source from the thin film of the semi-
conductor or semimetal. 
Even further, the method can comprise sealing a surface of 
the thin film of the semiconductor or semimetal after inducing 
the second chemical reaction. 
According to other embodiments of the present invention, 
an electronic device can be formed using any of the above 
steps or features of the complementary doping method. 
According to other embodiments of the present invention, 
a complementary doping method can include providing a thin 
film of graphene on a substrate; spin-coating a spin-on glass 
on the thin film of the graphene; inducing a first chemical 
reaction in at least a first portion of the spin-on glass effective 
to introduce an n-type dopant, a p-type dopant, or both to the 
at least the first portion of the thin film of the graphene; and 
inducing a second chemical reaction in at least a second 
provide greater control in the introduction and positioning of 
dopant atoms than existing methods. It is to the provision of 
such methods that the various embodiments of the present 
invention are directed. 
BRIEF SUMMARY 
The various embodiments of the present invention provide 
improved complementary doping methods that can overcome 
the above-described deficiencies associated with currently 
existing doping techniques. 
60 portion of the spin-on glass effective to introduce an n-type 
dopant, a p-type dopant, or both to the at least the second 
portion of the thin film of the graphene. The first and second 
chemical reaction can be effective to produce at least one 
n-type and at least one p-type region in the thin film of the 
65 graphene. 
Inducing the first chemical reaction can include thermally 
treating the at least the first portion of the spin-on glass to 
US 8,951,895 B2 
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remove a solvent from the spin-on glass, and can be effective 
to produce an n-type region in the at least the first portion of 
the spin-on glass. 
Further, inducing the second chemical reaction can involve 
irradiating the at least the second portion of the spin-on glass 
to cross-link the at least the second portion of the spin-on 
glass, and can be effective to produce a p-type region in the at 
least the second portion of the spin-on glass. 
In some cases, inducing the first chemical reaction and/or 
inducing the second chemical reaction can entail irradiation 
with electromagnetic radiation to cross-link an irradiated por-
tion of the spin-on glass. 
This method can also include removing at least an unre-
acted portion of the spin-on glass without affecting the at least 
one n-type and at least one p-type region in the thin film of the 
graphene. 
Other aspects and features of embodiments of the present 
invention will become apparent to those of ordinary skill in 
the art, upon reviewing the following detailed description in 
conjunction with the accompanying figures. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a process flow diagram illustrating a complemen-
tary doping method in accordance with some embodiments of 
the present invention. 
FIG. 2 provides the gated I-V curves for three separate 
devices and a scanning electron microscope (SEM) image of 
4 
FIG. 5 evidences that a nanoscale p-njunction was fabri-
cated in accordance with EXAMPLE 1 using HSQ comple-
mentary doping. Specifically, the gated I-V testing of FIG. 
S(a) reveals the super-position of two separate Dirac points, 
indicating the formation of adjacent p- and n-type regions. 
The separation of the two Dirac points indicates a separation 
in the Fermi levels of the two complementary regions in 
excess of about 340 meV. FIG. S(b) provides a SEM of the 
fabricated device, wherein an HSQ film is deposited atop the 
10 
entire graphene surface, and half of the device was exposed to 
electron beam irradiation while the other half was left unex-
posed. This was followed by a development step. 
FIG. 6 illustrates an electron waveguide device in accor-
15 dance with EXAMPLE 2. Specifically, FIG. 6(a) is an SEM 
image of the electron waveguide device; and FIG. 6(b) is a 
schematic illustration of the electron waveguide device. 
FIG. 7 illustrates a transistor-like device in accordance 
with EXAMPLE 3. Specifically, FIG. 7(a) is an SEM image 
20 of the transistor-like device; and FIG. 7(b) is a schematic 
illustration of the transistor-like device. 
FIG. 8 illustrates a p-njunction dot array device in accor-
dance with EXAMPLE 4. Specifically, FIG. S(a) is an SEM 
image of the p-njunction dot array device; and FIG. S(b) is a 
25 schematic illustration of the p-njunction dot array device. 
DETAILED DESCRIPTION 
a patterned device in accordance with EXAMPLE 1. Specifi-
cally, FIG. 2(a) provides I-V curves for three devices after 30 
contact metallization. It can be seen that all devices reveal 
Referring now to the figures, wherein like reference numer-
als represent like parts throughout the several views, exem-
plary embodiments of the present invention will be described 
in detail. Throughout this description, various components 
can be identified as having specific values or parameters, 
however, these items are provided as exemplary embodi-
Dirac points residing relatively close to about 0 V. This indi-
cates little intrinsic doping in the graphene from initial pro-
cessing. FIG. 2(b) provides I-V curves for the same three 
devices after spin-coating about 30 nm ofHSQ, baking, and 
developing without electron-beam irradiation or plasma 
exposure. It can be seen from the left shift of the Dirac point 
that the devices have been strongly n-type doped. FIG. 2(c) 
provides a SEM of an exposed HSQ circle over a grapheme 
device. FIG. 2(d)provides I-V curves forthe same three sepa-
rate devices, after exposing an HSQ circle over the graphene 
flake. It can be seen that all devices show Dirac points residing 
beyond about 100 V, indicating strong p-type doping. 
FIG. 3 provides dose versus Dirac point shift for HSQ 
coated devices in accordance with EXAMPLE 1, wherein 
about 20 micrometer circles of graphene were patterned using 
various electron beam doses and the resulting plots show the 
transition from n-type top-type doping as dose is increased. 
Error bars indicate regions where the Dirac point has shifted 
outside of the gated testing capabilities (i.e., ±lOOV). Varia-
tions in the data points are attributed to intrinsic doping levels, 
which varies between devices. The inset shows the actual 
Dirac point location for various devices. 
FIG. 4 verifies that plasma exposure of a HSQ film reveals 
complementary doping similar to electron beam irradiation in 
accordance with EXAMPLE 1. Three separate devices had a 
20 micrometer circle of HSQ patterned thereon. These 
devices were then exposed to a low-power Argon plasma to 
induce HSQ cross-linking. It can be seen that devices show 
similar characteristics to that of electron beam exposed 
devices (dashed line). Brief plasma exposure induces n-type 
doping (negative Dirac point shift) while prolonged exposure 
induces advanced cross-linking and p-type doping (positive 
Dirac point shift). The inset shows mobility, in cm2 N s, which 
was calculated through each stage of exposure and was found 
to be relatively constant, indicating minimal damage to the 
graphene surface. 
35 ments. Indeed, the exemplary embodiments do not limit the 
various aspects and concepts of the present invention as many 
comparable parameters, sizes, ranges, and/or values can be 
implemented. The terms "first," "second," and the like, "pri-
mary," "secondary," and the like, do not denote any order, 
40 quantity, or importance, but rather are used to distinguish one 
element from another. Further, the terms "a," "an," and "the" 
do not denote a limitation of quantity, but rather denote the 
presence of"at least one" of the referenced item. 
As briefly described above, improved complementary dop-
45 ing methods (i.e., methods of doping a particular material to 
have at least one n-type and p-type region) are described 
herein. The improved complementary doping methods of the 
present invention are generally based on inducing chemical 
reactions in a dopant source to introduce the desired type (i.e., 
50 n-type or p-type) of dopant from the dopant source to speci-
fied portions of the material sought to be doped. In contrast to 
existing doping methods, the doping methods of the present 
invention offer high-resolution fabrication of both n- and 
p-doped regions over large areas ofa material. In addition, the 
55 methods of the present invention are non-intrusive (i.e., do not 
involve implantation or diffusion) and can be effected at 
lower temperatures, thus rendering them more appropriate for 
doping thin-film materials. 
A complementary doping method, according to some 
60 embodiments of the present invention, is shown in FIG. 1. 
This method, generally designated by reference numeral 100, 
first includes providing a thin film of the material to be doped 
110. As used herein, the term "thin film," when referencing 
the material to be doped, is intended to encompass films 
65 wherein the active layer, or layer through which conduction 
occurs, is influenced by charge transfer at the surface of the 
film. That is, the surface of the thin film should be able to 
US 8,951,895 B2 
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inject charge into the active layer of the film, which can be the 
surface layer(s) or the entire film (if the film is sufficiently 
thin). 
The material to be doped generally will be a semiconductor 
or a semimetal. By way of example, the semiconductor can be 
chosen from elemental semiconductors, including Group IV 
elements (e.g., diamond, Si, or Ge); compound semiconduc-
tors, including Group IV-IV semiconductors (e.g., SiC, 
SiGe), Group III-V semiconductors (e.g., AN, AlP, BN, 
GaAs, GaN, GaP, InAs, InP, AlGaAs, InGaP, AlGainP, and 10 
other binary, ternary, or multi-nary compounds formed from 
at least one Group III and at least one Group V element), 
Group II-VI semiconductors (e.g., CdSe, CdS, CdTe, ZnO, 
ZnSe, ZnTe, CdZnTe, HgCdTe, HgZnSe, and other binary, 
ternary, or multi-nary compounds formed from at least one 15 
Group II and at least one Group VI element), and the like; and 
other like semiconductor materials. Similarly, the semimetal 
can be chosen from elemental semimetals, including graph-
ite, graphene, Sn, As, Sb, Bi, or the like; compound semimet-
als, including HgTe, and the like; and other like semimetals. 20 
There is no particular limitation as to the type of semicon-
ductor or semimetal that can be used, other than that it must be 
stable under the conditions to which it will be exposed. For 
example, the semiconductor or semimetal should be chosen 
so as to not decompose or volatilize under the conditions 25 
implemented in the doping method. Selection of an appropri-
ate material, given the conditions of the method implemented, 
will be within the capabilities and understanding of those 
skilled in the art to which this disclosure pertains. 
6 
be doped. Those skilled in the art to which this disclosure 
pertains readily will be able to select the appropriate n- and 
p-type dopants based on a given semiconductor or semimetal 
material to be doped. 
Once the dopant source has been chosen, a layer thereof 
can be disposed on the thin film of the material to be doped. 
The layerof the dopant source can be disposed on the thin film 
using any of the techniques described above for fabricating 
the thin film of the semiconductor or semimetal material to be 
doped. Generally, thicker layers of the dopant source will 
result in lower spatial resolution between doped regions of the 
semiconductor or semimetal thin film. Thus, in applications 
where higher resolution (finer spacing distances between 
doped regions) is desired, those skilled in the art will recog-
nize that thinner layers of the dopant source will be needed. 
After placing the dopant source on the thin film of the 
semiconductor or semimetal material to be doped, the chemi-
cal reactions can be induced in the dopant source so as to 
introduce the dopant atoms to the semiconductor or semi-
metal. That is, a first chemical reaction is induced in at least a 
first portion of the dopant source effective to introduce an 
n-type dopant, a p-type dopant, or both to the first portion of 
the thin film of the semiconductor or semimetal 120. Then, a 
second chemical reaction is induced in at least a second 
portion of the dopant source effective to introduce an n-type 
dopant, a p-type dopant, or both to the second portion of the 
thin film of the semiconductor or semimetal 125. Subsequent 
chemical reactions can be induced in other portions of the 
dopant source to dope other portions of the thin film. Ulti-
mately, these chemical reactions produce at least one p-type 
and at least one n-type region in the thin film. 
The specific chemical reactions that are induced, and the 
means by which they are induced, will depend on the choice 
of dopant source. For example, if the dopant source is a 
light-sensitive material, then a light source (e.g., ultraviolet 
light, deep ultraviolet light, an electron beam, an ion beam, a 
plasma beam, or other like light source to which the dopant 
source is sensitive) can be used to induce a chemical reaction 
therein. Similarly, when the dopant source is a spin-on glass, 
a chemical reaction therein can be induced by thermal heat 
transfer, dielectric heat transfer, light, or the like. 
There are a variety of chemical reactions that can be 
induced in the dopant source in order to introduce the dopant 
to the semiconductor or semimetal. For example, when the 
Once the material to be doped has been chosen, a thin film 30 
thereof can be disposed on a substrate. The thin film of the 
material to be doped can be prepared using conventional 
thin-film-growing techniques. These include chemical vapor 
deposition and all of its variants, physical vapor deposition 
and all of its variants, spin coating, plating and all of its 35 
variants, sol-gel deposition, reactive sputtering and all of its 
variants, epitaxial deposition, molecular beam epitaxy, and 
the like. When the thin film of the material to be doped is not 
directly fabricated on the substrate (e.g., when a thin film of 
the material to be doped is mechanically exfoliated from a 40 
bulk sample of the material), it can be transferred to the 
substrate using any mechanical or chemical transfer tech-
nique. Such thin film-growing and transferring techniques 
will be well known to those skilled in the art to which this 
disclosure pertains. 45 dopant source is a photosensitive polymer precursor, it can 
undergo a light-initiated polymerization and/or cross-linking 
reaction that will result in certain atoms or moieties being 
removed from the polymer precursor and introduced into or 
onto the semiconductor or semimetal. Similarly, when the 
After fabricating the thin film of the material to be doped, 
the dopant source can be disposed on the thin film 115. The 
dopant source generally is an energy-sensitive material. 
Exemplary energy-sensitive materials include electromag-
netic radiation-(EMR) sensitive materials (e.g., light-sensi-
tive or photosensitive materials, electron beam-sensitive 
materials, ion-beam sensitive materials, and the like) and 
thermally-sensitive materials. EMR-sensitive materials can 
include polymer precursors, polymers, photoresist materials, 
or the like. By way of example, electron beam-sensitive mate-
rials include polymethyl methacrylate, a copolymer of 
methyl styrene and chloromethyl acrylate, l-methyl-2-pyr-
rolidone, n-butyl acetate, cyclohexanone and the like. An 
example of a thermally-sensitive material includes spin-on 
glass materials, which in some cases also can be EMR-sen-
sitive materials, such as a silicate, siloxane, phosphosilicate, 
borosilicate, or the like. 
There is no particular limitation as to the type of dopant 
source used, other than that it must comprise the source of 
both the n-type dopant and the p-type dopant. The specific 
n-type dopant and p-type dopant atom, and thus by extension, 
the dopant source, will depend on the choice of the material to 
50 dopant source is a polymer, it can undergo a light-initiated 
cross-linking reaction that will result in certain atoms or 
moieties being removed from the polymer. These atoms or 
moieties can be introduced to the semiconductor or semi-
metal, or they can be at least partially outgassed, while leav-
55 ing behind the appropriate atoms, moieties, or charge carriers 
for doping to occur. When a photoresist material is used as the 
dopant source, it can undergo a light-initiated internal rear-
rangement or reaction, wherein certain atoms or moieties will 
be released from the photoresist (or solvent/resin component 
60 thereof) and introduced to the semiconductor or semimetal (at 
least partially outgassed, while leaving behind the appropri-
ate atoms, moieties, or charge carriers for doping to occur). 
When the dopant source is a spin-on glass, heat and/or EMR 
can be used to cross-link the spin-on glass into a networked 
65 structure, resulting in certain atoms or moieties being 
removed from the spin-on glass and introduced to the semi-
conductor or semimetal (or at least partially outgassed, while 
US 8,951,895 B2 
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using a photosensitive polymer precursor dopant source, the 
exposure of the spin-on glass to light (after the heat treatment) 
can serve to change the shape, size and/or carrier concentra-
tion of the doped region and/or introduce the second type of 
dopant if the heat treatment was only capable of producing 
one type of dopant. Similarly, even if the unexposed or unir-
radiated portion of the spin-on glass is subsequently removed 
(e.g., using a solvent or developer), the dopant will remain in 
place. Regardless, the combination of the heat treatment and 
leaving behind the appropriate atoms, moieties, or charge 
carriers for doping to occur). In addition, ifthe dopant source 
was chemically applied to the semiconductor or semimetal 
thin film, it can first be heated in order to remove any solvent 
contained therein and/or to increase the interaction (e.g., via 
adhesion, bonding, and/or electrostatics) with the semicon-
ductor or semimetal. The breaking of bonds in the removal of 
the solvent molecule and/or coupling of the dopant source to 
the semiconductor or semimetal can serve as a source of 
dopant atoms or moieties too. 
Two non-limiting examples of these steps of the method 
will now be provided for additional clarity. In the first 
example, the dopant source is a photosensitive polymer pre-
cursor. After the photosensitive polymer precursor is dis-
posed on the thin film of the semiconductor or semimetal, at 
least a portion (i.e., at least some portion and as much as all) 
10 the exposure to light result in the semiconductor or semimetal 
having at least one n-type and at least one p-type region. 
The method optionally can include one or more steps 
where additional chemical reactions are induced in order to 
introduce additional dopant to the semiconductor or semi-
15 metal thin film. These additional chemical reactions can be 
induced using any of the techniques described above or oth-
erwise. 
Because the chemical reactions serve to introduce dopant 
atoms to the semiconductor or semimetal material to be 
doped, these same reactions determine the extent to which the 
doping occurs. That is, the shape, size, polarity and carrier 
concentration of, as well as the distance between, the doped 
regions will be dictated by the control exerted over the chemi-
cal reaction. The primary factors that will influence these 
of the photosensitive polymer precursor is exposed to a beam 
oflight having a first energy. This results in polymerization of 
the exposed portion, where the polymerization reaction 
involves the removal of one or more atoms from each precur- 20 
sor molecule. These atoms (e.g., H, 0, C, N, and the like), 
which can serve as ann-type dopant, a p-type dopant, or both, 
interact with the surface of the semiconductor or semimetal, 
thereby providing a charge carrier of the desired type to the 
semiconductor or semimetal. 
Next, at least another portion of the photosensitive polymer 
precursor is exposed to a beam of light having a second 
energy (which can be the same energy as the first beam of 
light, but for a different duration). This also results in poly-
merization of the exposed portion. This second polymeriza- 30 
tion reaction can be the same as the first polymerization 
reaction (e.g., if the light source of the first energy was 
capable of producing both n-type and p-type dopants, and a 
change in the shape/size of the doped region or in the carrier 
concentration of the doped region is desired), or it can be 35 
different from the first polymerization reaction (e.g., to pro-
duce the second type of dopant ifthe light source of the first 
energy was only capable of producing one type of dopant). 
Regardless, this second polymerization reaction also results 
25 features include the level of control over the energy source 
used to induce the chemical reaction, intensity, type, and 
duration of the reaction. 
To illustrate, the use of heat as the energy source to induce 
the chemical reaction will result in less control over the geom-
etry of, and the resolution between, doped regions than would 
the use of a focused light source. In addition, a smaller light 
beam and greater control over the movement thereof will 
result in greater ability to precisely tailor the geometry of the 
doped regions and greater resolution between doped regions. 
Many focused light sources will allow for resolutions ofless 
than or equal to about 100 nanometers; and some focused 
light sources will allow for resolutions ofless than or equal to 
about 30 nanometers. In certain cases, resolutions ofless than 
or equal to about 10 nanometers can be achieved. Those 
skilled in the art to which this disclosure pertains will be able 
to select an energy source to suit the desired control over 
geometry and resolution of the doped regions for a particular 
application. 
In contrast, the carrier concentration and the polarity of the 
in the removal of one or more atoms from each precursor 40 
molecule in the exposed portion. These atoms can serve as an 
n-type dopant, a p-type dopant, or both by interacting with the 
surface of the semiconductor or semimetal. As a result, the 
semiconductor or semimetal has at least one n-type and at 
least one p-type region. 45 doped region will be more affected by the intensity, type, 
and/or duration of the reaction than the ability to exert control 
over the energy source that is used to induce the chemical 
reaction. Specifically, the intensity of the energy source used 
In the second example, the dopant source is a spin-on glass. 
After the spin-on glass is disposed on the thin film of the 
semiconductor or semimetal, at least a portion of the spin-on 
glass is exposed to a heat treatment to remove any solvent 
contained therein. This results in the breaking ofbonds within 50 
the solvent, and the movement of the broken portions of the 
solvent. Some of the atoms from the broken bonds (e.g., H, 0, 
C, N, and the like), which can serve as an n-type dopant, a 
p-type dopant, or both, interact with the surface of the semi-
conductor or semimetal, thereby providing a charge carrier of 55 
the desired type to the semiconductor or semimetal. Even if 
the unheated portion of the spin-on glass is subsequently 
removed (e.g., using a solvent or developer), the dopant will 
remain in place. 
Next, at least another portion of the spin-on glass is 60 
exposed to a beam of light having a specific energy. This 
results in cross-linking of the spin-on glass within the 
exposed portion. This cross-linking reaction results in the 
removal of certain atoms from the spin-on glass. These atoms 
can serve as an n-type dopant, a p-type dopant, or both by 65 
interacting with the surface of the semiconductor or semi-
metal. As described above for the first illustrative example 
to induce the chemical reaction and the type of chemical 
reaction will influence the type of atoms available to be intro-
duced to the material to be doped. Thus, these parameters 
directly influence the polarity of the doped region. Similarly, 
the intensity of the energy source used to induce the chemical 
reaction and the duration of the exposure to the energy source 
to induce the chemical reaction will influence the number of 
atoms available to be introduced to the material to be doped. 
Thus, these parameters directly influence the carrier concen-
tration of the doped region. Ultimately, by controlling the 
intensity, type, and/or duration of the reaction, n-type and 
p-type regions can be fabricated to have carrier concentra-
tions of7xl012 carriers/cm2 . In some cases, carrier concen-
trations on the order of about 1014 carriers/cm2 can be 
achieved. 
In addition to the above steps, the method optionally can 
include a step where the unreacted dopant source is removed 
from the surface of the semiconductor or semimetal thin film 
130. This can be accomplished using a medium (e.g., a sol-
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vent, developer, or the like) in which the unreacted portion of 
the dopant source is soluble, an etching process, or the like. 
Such techniques are known to those skilled in the art to which 
this disclosure pertains. 
Another optional step involves sealing the surface of the 
doped semiconductor or semimetal thin film with a neutral 
passivating material or using vacuum packaging techniques 
135 so as to prevent the surface from being adversely affected 
10 
by subsequent device fabrication or processing steps. Such 
materials include silica, neutral polymers, or the like. Such 10 
materials and techniques for passivating a surface are known 
hydrogen atoms that were on the surface of the graphene as a 
result of the solvent removal step to form hydrogen gas that 
can escape, leaving behind oxygen atoms to interact with the 
surface of the graphene film. Alternatively, the hydrogen 
atoms can combine with silicon atoms to form silane gas, 
which can escape as well, leaving behind oxygen atoms to 
interact with the surface of the graphene film. The oxygen 
atoms serve as p-type dopant atoms. Thus, the undoped 
graphite film has been converted into a p-njunction. 
In an alternative implementation, the HSQ (or other spin-
on glass dopant source material) can be subjected to two 
separate cross-linking steps, rather than a heat treatment and 
a single cross-linking step. The first cross-linking step can be 
implemented using lower energy radiation, which will serve 
to those skilled in the art to which this disclosure pertains. 
Once the various steps of the complementary doping 
method described above are completed, the resultant doped 
material can be implemented in an electronic device. Using 
the above-described method, a variety of electronic devices 
can be fabricated. As would be understood by those skilled in 
the art to which this disclosure pertains, any electronic device 
that implements at least one n-type region and at least one 
p-type region can be fabricated. Such devices include basic 
diodes (e.g., comprising a p-njunction, a p-i-njunction, or 
similar diode geometry) and transistors, as well as more com-
plex devices (e.g., electron waveguides, electron and Vese-
lago lenses, p-n junction dot arrays, Klein-tunneling-based 
transistors, electron ratchet devices, and the like) making use 
of such diodes and transistors. Such devices, and fabrication 
thereof are known to those skilled in the art to which this 
disclosure pertains. 
15 the same purpose as the heat treatment of the implementation 
described above (i.e., to n-type dope the irradiated portion); 
while the second cross-linking step can be implemented using 
a higher energy radiation, which will serve the same purpose 
as the electron beam radiation of the implementation 
20 described above (i.e., to p-type dope the second irradiated 
portion). In this manner, there can be more control over the 
geometry and resolution of the doped regions than when the 
heat treatment is used. As a result, there is more diversity in 
the products that can be formed. For example, the undoped 
25 graphite film can be converted into multiple p-njunctions, a 
p-i-njunction, a side-gated transistor, and the like. 
EXAMPLES 
One exemplary implementation of the above-described 
complementary doping method involves the use of a spin-on 30 
glass material to dope graphene. Graphene has recently 
attracted much interest as an electronic material. With its 
superior electron transport properties and potential for top 
down fabrication, graphene has the potential to yield truly 
monolithic systems (i.e., with graphene functioning as both 35 
the interconnect and switching device). 
The present disclosure is further exemplified by the follow-
ing non-limiting examples. 
Example 1 
In this example, the doping methods disclosed herein were 
demonstrated by producing high resolution n- and p-type 
doping of large area graphene. HSQ was used as the dopant 
source. In addition, a high-resolution graphene p-n junction 
was fabricated. 
The complementary doping method first involves provid-
ing a thin film of graphene. This can be accomplished using 
any method for fabricating and/or collecting graphene. These 
methods include forming a thin film of graphene by exfoliat- 40 
ing highly-oriented pyrolitic graphite, and placing single 
layer graphene or so-called few layer graphene on the surface 
First, the effect of electron-beam-induced cross-linking in 
HSQ on carrier transport in few layer graphene (i.e., about 1 
to about 4 atomic layers) was studied. Two samples were 
fabricated by applying mechanically exfoliated graphene 
flakes to an oxidized Si substrate with an oxide thickness of 
of a substrate, growing graphene epitaxially through the ther-
mal sublimation of silicon carbide in a high vacuum radio 
frequency induction furnace, chemical vapor deposition, 45 
reduction of graphite oxide, and the like. Such methods are 
known to those skilled in the art to which this disclosure 
pertains. 
about 300 nanometers (nm). The thickness of the flakes was 
verified using confocal Raman imaging and atomic force 
microscope (AFM) measurements. A JEOL JBX 9300-FS 
electron beam lithography (EBL) system was used to pattern 
metal contacts (formed from about 10 nm thick Ti/90 nm Once the thin film of graphene has been formed, the spin-
on glass can be disposed on the thin film via spin coating. The 
spin-on glass can be a siloxane material, such as poly(silse-
quioxane ). Examples of poly(silsequioxane) include hydro-
gen silsequioxane (HSQ), methyl silsequioxane (MSQ), phe-
nyl-methyl silsequioxane, and the like. For convenience, 
reference will now be made to HSQ as the dopant source. 
The HSQ layer is then subjected to a heat treatment to 
remove any solvent within the layer ofHSQ. This step results 
in the release of hydrogen atoms, which are introduced to the 
surface of the graphene film and serve as n-type dopant atoms. 
At this point, the entire HSQ-covered graphite film is an 
n-type region. 
Next, half of the HSQ layer is cross-linked using electron 
beam radiation. The electron beam radiation results in the 
transition of the exposed portion of HSQ from a cage struc-
ture to a network structure. This transition breaks silicon-
oxygen and silicon-hydrogen to release oxygen, silicon, and 
hydrogen atoms. The hydrogen atoms can recombine with the 
50 thick Au). Each sample contained multiple devices. 
The samples were tested for their Dirac point voltage (V n) 
with a back-gate and were found to have little initial doping 
with respect to the HSQ induced shift, as shown in FIG. 2(a). 
The initial doping level present in these devices was a result of 
55 exposure to the ambient environment and not of residual 
resist; proper solvent cleaning was performed. The samples 
were then coated with about 30 nm HSQ and baked for about 
3 minutes at about 180 degrees Celsius. One sample was 
developed in tetramethylanimonium hydroxide (TMAH), 
60 washing away the HSQ. Post-development electrical testing 
of this sample revealed a strong n-type doping as indicated by 
the shift of the Dirac point to a larger negative gate voltage, as 
evidenced in FIG. 2(b). The second sample was patterned 
with EBL. The pattern included large HSQ regions (about 20 
65 micrometers in diameter) covering each flake with a dose of 
3200 micro coulombs per square centimeter (µC/cm2 ), as 
shown in FIG. 2(c). I-V testing of these devices revealed a 
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large positive shift of the Dirac point, thus indicating a strong 
p-type doping, as can be seen in FIG. 2(d). While zero inci-
dent dose revealed an n-type doping from HSQ, a significant 
electron beam dose revealed a p-type doping. Forp-type HSQ 
doping, electron-hole symmetry was observed in the gated 5 
I-V curve near the location of the Dirac point. 
Increasing incident dose on HSQ increased the degree of 
cross-linking, and this in-tum was thought to cause a higher 
level of p-doping. To test this hypothesis further, a number of 
devices were fabricated, each with a different dose for the 10 
HSQ region. The incident dose ranged from 250 to 5,000 
µC/cm2 . FIG. 3 plots the Dirac point shift (i.e., the difference 
in the Dirac point voltage (V n) between metallization and 
HSQ patterning) for varying doses. Since HSQ induced dop-
ing was determined by the resulting shift in the Dirac point, 15 
the induced doping was able to be plotted regardless of the 
initial doping level of the devices. Error bars indicate shifts of 
the Dirac point outside of the back-gate bias range (±100 V). 
For zero dose (i.e., HSQ was spun-on and developed without 
any electron beam irradiation), a large negative shift in VD 20 
was seen and was consistent with results above. For a dose 
between about 250 to about 1000 µC/cm2 , the VD shift (fl V n) 
increased from more than about -100 V to about 0 V. For 
doses between 1000 to 5000 µC/cm2 , llV D increased from 
about 0 V to more than about 100 V, and a saturation was seen 25 
in the amount of shift induced. This saturation is likely due to 
saturation of cross-linking for doses higher than 2000 
µC/cm2 . 
To investigate plasma-induced cross-linking, three 
graphene devices with metal contacts were fabricated and 30 
coated with about 30 nm HSQ. The devices were exposed to 
a low dose of about 600 µC/cm2 (with the same pattern as in 
FIG. 2(c)) to obtain a layer ofHSQ patterned on the device 
while inducing little shift in the Dirac point. This was fol-
lowed by a timed exposure to a low-power Argon plasma with 35 
an Argon flow rate of about 25 standard cubic centimeters 
(seem). Short, one second, flash exposures to the plasma were 
used, followed by electrical testing in between each step. FIG. 
4 plots the behavior of a set of devices with increasing expo-
sure time to the plasma. After an initial exposure of about 1 40 
second, the Dirac point was shifted negative by about 40 V. 
After this, an increasing exposure time was seen to shift the 
Dirac point to positive values. The VD transition here was 
driven entirely by structural changes in HSQ affecting the 
bonding to graphene. FIG. 4 also shows mobility versus expo- 45 
sure time; mobility is calculated using the carrier density 
method, using the relation: µ=1/(npe), where n=5xl012 cm-2 
is the carrier density,pis the resistivity, and e is electronic 
charge. Mobility showed improvement at early stages of 
cross-linking, followed by a saturation at longer exposure 50 
times. There was no degradation of mobility even for long 
exposure times indicating that there was little surface damage 
to the graphene as a result of interaction with the plasma. 
Mobility has a strong dependence on impurity-induced scat-
tering, and the impurity density limits mobility of devices in 55 
this work to less than 2200 cm2N-s. Specifically, this doping 
method did not degrade mobility, and actually improved 
mobility in the plasma-exposure method, as can be seen in 
FIG. 4. 
12 
cally water vapor and oxygen, lead top-type doping. In HSQ, 
Si-H bonds are more easily broken than Si-0 bonds. Si-H 
bonds have a bond strength of about 4.08 eV while Si---0 
bonds have a bond strength of about 8.95 eV. At low degrees 
of cross-linking, Si-H bonds are readily broken providing 
hydrogen to bond with the graphene basal-plane. Due to the 
offset in electro-negativity, hydrogen acts as ann-type dopant 
for graphene. Higher degrees of cross-linking in the HSQ film 
lead to p-type doping. There are two primary mechanisms 
that facilitate the switch from electron to hole carriers in the 
material. The first is that Si---0 bonds begin to break at more 
mature stages of cross-linking due to their larger bond 
strength. The breaking of Si-0 bonds provides oxygen for 
adsorption at the graphene surface. The second contributor to 
the observed p-type doping is the removal of hydrogen from 
the HSQ film. Advanced stages of cross-linking lead to HSQ 
decomposing into SiH4 and H2 components. These compo-
nents escape from the HSQ film, as evident through decreased 
Si-H:Si-0 bond ratios as well as the porous nature of the 
film. 
Doping through plasma exposure can be used to provide 
rapid doping over the surface of large area graphene with 
minimal reduction of mobility. This would be beneficial to 
applications that need conductivity higher than that offered 
by intrinsic graphene (e.g., on-chip interconnects). Spin-coat-
ing graphene ribbons with a layer of HSQ and subjecting 
them to plasma exposure would result in high-conductivity 
graphene ribbons as well as a low dielectric constant (low-k) 
coating that is required as an inter-layer dielectric between 
interconnect layers. Thus, the methods of the present inven-
tion can be used to create a low-k inter-layer dielectric for use 
in an interconnect. 
Fabrication of a nanoscale p-n junction via HSQ doping 
was demonstrated, evidence of which can be seen in FIG. 5. 
An HSQ stripe was exposed over half of a graphene channel 
while leaving the other half unexposed, defining the p and n 
regions, respectively. Gated I-V testing revealed two distinct 
Dirac points, indicating complementary regions of doping. It 
has been shown that local minimums in gated-current testing 
are indicative of p-njunction formation in graphene devices. 
Thus, the data of this example serves as evidence of a chemi-
cally doped graphene p-n junction with Dirac points clearly 
indicating the superposition of p and n regions and with 
separations in excess of about 100 V. Using the relation 
between Fermi level and carrier density, the p-n junction 
demonstrated in this example is expected to exhibit separa-
tion in quasi-Fermi levels in excess of about 340 meV. 
Deviations from the expected location of the Dirac points 
have been previously observed and are attributed to induced 
states that allow carrier penetration into the adjacent region. 
Extension oflocally doped carriers into the adjacent comple-
mentary regions by up to about 450 nm have been observed. 
The levels of doping presented in this example were shown to 
be significantly high enough to maintain locally defined 
p-and n-type regions, despite slight degradation due to carrier 
mixing between the two complementary doped regions. As 
with any graphene device, prolonged exposure to the ambient 
environment induced a background p-type doping to the fab-
ricated p-njunction. Passivation was implemented to pin the 
Without intending to be limited by theory, the dual nature 
of HSQ-resulting in both n-type and p-type doping of 
graphene-was attributed to the mismatch of bond strengths 
between Si:H and Si:O bonds in the HSQ film, as well as the 
out-gassing of hydrogen at higher degrees of cross-linking. It 
has been predicted that basal-plane adsorption of hydrogen 
leads to n-type doping of graphene. It is also known that 
adsorption of species from the ambient environment, specifi-
60 Fermi levels in both the p- and n-type regions. 
In summary, this example demonstrates that HSQ films on 
graphene are capable of complementary doping. Since HSQ 
can be patterned with high resolution, the method of this 
example provides high-resolution fabrication of n-and 
65 p-doped regions. The n- and p-type doping mechanism of 
HSQ was attributed to basal plane bonding of hydrogen and 
oxygen, respectively. The duality of this process resulted 
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from the mismatch in bond strengths between Si:H and Si:O 
bonds in the material as well as the out-gassing of hydrogen 
from the film at higher levels of cross-linking. Cross-linking 
of the HSQ film was induced either by electron-beam irradia-
tion or low power plasma exposure, allowing for complemen-
tary doping in a single processing step. Finally, a graphene 
p-n junction was fabricated using HSQ doping and was found 
to have large Fermi-level separations, indicating strong p and 
n-type doping. 
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doping method procedure described in EXAMPLE 1. Basi-
cally, the process included deposition of graphene onto sub-
strate, followed by lithographic patterning of contact metal-
lization, deposition of contact metallization, spin coating of 
HSQ atop the graphene, patterning of HSQ using electron 
beam lithography, and developing the HSQ to remove por-
tions of it from the graphene surface. 
Example 2 
A SEM image of the device is shown in FIG. S(a), while a 
schematic illustration is shown in FIG. S(b). 
10 Briefly, in FIG. S(a), thick HSQ is displayed as bright 
regions. These regions are p-type and the HSQ film remains 
on the graphene. All other areas of the graphene are n-type 
doped. Then-type doping regions are darker and consist only 
In this example, an electron waveguide device was fabri-
cated. The device was fabricated using the complementary 
doping method procedure described in EXAMPLE 1. Basi-
cally, the process included deposition of graphene onto the 
substrate, followed by lithographic patterning of contact met-
allization, deposition of contact metallization, spin coating of 
HSQ atop the graphene, patterning of HSQ using electron 
beam lithography, and developing the HSQ to remove por-
tions of it from the graphene surface. 
15 of a very thin residue of HSQ. The outline of the graphene 
sheet can be seen as a dark region. 
In FIG. S(b ), high resolution p and n regions were created 
in graphene using dots of HSQ. This type of architecture 
could potentially be utilized to generate artificial energy gaps 
20 in the material. 
A scanning electron microscope (SEM) image of the 
device is shown in FIG. 6(a ), while a schematic illustration is 
shown in FIG. 6(b). 
Briefly, in FIG. 6(a), thick HSQ is displayed as bright 
regions. These regions are p-type and the HSQ film remains 25 
on the graphene. All other areas of the graphene are n-type 
doped. Then-type doping regions are darker and consist only 
of a very thin residue of HSQ. The outline of the graphene 
sheet can be seen as a dark region. 
In FIG. 6(b ), the HSQ stripes in the center of the device 
produce p-njunctions in the graphene. Electrical conduction 30 
across these p-n junctions, shown by the slanted arrow, is 
hindered while electrical conduction through the un-pat-
terned graphene, vertical arrows, is allowed. P-N junctions 
here act as a guide to channel electrical current along the 
direction of the vertical arrows and not the slanted one. This 35 
is an alternative to simply etching or removing the graphene 
between the vertical arrows. 
Example 3 
The embodiments of the present invention are not limited 
to the particular formulations, process steps, and materials 
disclosed herein as such formulations, process steps, and 
materials can vary somewhat. Moreover, the terminology 
employed herein is used for the purpose of describing exem-
plary embodiments only and the terminology is not intended 
to be limiting since the scope of the various embodiments of 
the present invention will be limited only by the appended 
claims and equivalents thereof. For example, temperature and 
pressure parameters can vary depending on the particular 
materials used. 
Therefore, while embodiments of this disclosure have been 
described in detail with particular reference to exemplary 
embodiments, those skilled in the art will understand that 
variations and modifications can be effected within the scope 
of the disclosure as defined in the appended claims. Accord-
ingly, the scope of the various embodiments of the present 
invention should not be limited to the above discussed 
embodiments, and should only be defined by the following 
40 claims and all equivalents. 
In this example, a transistor-like device was fabricated. The 
device was fabricated using the complementary doping 
method procedure described in EXAMPLE 1. Basically, the 
process included deposition of graphene onto substrate, fol-
lowed by lithographic patterning of contact metallization, 45 deposition of contact metallization, spin coating ofHSQ atop 
the graphene, patterning ofHSQ using electron beam lithog-
raphy, and developing the HSQ to remove portions of it from 
the graphene surface. 
A SEM image of the device is shown in FIG. 7(a), while a 
schematic illustration is shown in FIG. 7(b). 50 
Briefly, in FIG. 7(a), thick HSQ is displayed as bright 
regions. These regions are p-type and the HSQ film remains 
on the graphene. All other areas of the graphene are n-type 
doped. Then-type doping regions are darker and consist only 
of a very thin residue of HSQ. The outline of the graphene 55 
sheet can be seen as a dark region. 
In FIG. 7(b), current flow (shown as the arrow) between the 
two metal pads is forced across p-njunctions generated using 
HSQ stripes. By modulating the Fermi level of the device 
externally, conduction flow through the p-njunctions can be 60 
controlled, generating a high current (ON) state and low 
current (OFF) state. 
What is claimed is: 
1. A complementary doping method, comprising: 
providing a thin film of a semiconductor or semimetal 
disposed on a substrate; 
disposing a dopant source on a surface of the thin film of 
the semiconductor or semimetal; wherein the disposing 
does not include implantation or diffusion of the dopant 
source; 
inducing a first chemical reaction at a first energy in at least 
a first portion of the dopant source effective to introduce 
an n-type dopant, a p-type dopant, or both to the at least 
the first portion of the thin film of the semiconductor or 
semimetal; and 
inducing a second chemical reaction at a second energy in 
at least a second portion of the dopant source effective to 
introduce an n-type dopant, a p-type dopant, or both to 
the at least the second portion of the surface of the thin 
film of the semiconductor or semimetal; 
wherein the first and second chemical reaction are effective 
to produce at least one n-type and at least one p-type 
region on the surface of the thin film of the semiconduc-
tor or semimetal. 
Example 4 2. The method of claim 1, wherein the semimetal is 
65 graphene. 
In this example, a p-njunction dot array device was fabri-
cated. The device was fabricated using the complementary 
3. The method of claim 1, wherein the dopant source com-
prises a electromagnetic radiation-sensitive material. 
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4. The method of claim 3, wherein the electromagnetic 
radiation-sensitive material comprises a polymer precursor, a 
polymer, or a resist material. 
5. The method of claim 1, wherein the dopant source is a 
spin-on glass. 
6. The method of claim 5, wherein the spin-on glass is a 
silicate, siloxane, phosphosilicate, or borosilicate. 
7. The method of claim 6, wherein the siloxane is a poly 
( silsequioxane). 
8. The method of claim 1, wherein inducing the first and/or 10 
second chemical reaction comprises irradiating with a light 
source, irradiating with an ion beam source, irradiating with 
an electron beam, thermally heating, dielectrically heating, or 
a combination thereof. 
9. The method of claim 1, wherein the first and/or second 15 
chemical reaction comprises a polymerization, a solvent 
removal, a cross-linking, an internal rearrangement of atoms 
or moieties, or a combination thereof. 
10. The method of claim 1, further comprising inducing a 
third chemical reaction in at least a third portion of the dopant 20 
source effective to introduce an n-type dopant, a p-type 
dopant, or both to the third portion of the thin film of the 
semiconductor or semimetal. 
11. The method of claim 1, wherein a distance between an 
n-type and a p-type region in the thin film of the semiconduc- 25 
tor or semimetal is less than or equal to about 30 nanometers. 
12. The method of claim 1, wherein a distance between an 
n-type and a p-type region in the thin film of the semiconduc-
tor or semimetal is less than or equal to about 10 nanometers. 
13. The method of claim 1,further comprising removing an 30 
unreacted portion of the dopant source from the thin film of 
the semiconductor or semimetal. 
14. The method of claim 1, further comprising sealing a 
surface of the thin film of the semiconductor or semimetal 
after inducing the second chemical reaction. 
16 
15. A complementary doping method, comprising: 
providing a thin film of graphene on a substrate· 
spin-coating a spin-on glass on the thin fil~ of the 
graphene; 
inducing a first chemical reaction in at least a first portion 
of the spin-on glass effective to introduce an n-type 
dopant, a p-type dopant, or both to the at least the first 
portion of the thin film of the graphene; and 
inducing a second chemical reaction in at least a second 
portion of the spin-on glass effective to introduce an 
n-type dopant, a p-type dopant, or both to the at least the 
second portion of the thin film of the graphene; 
wherein the first and second chemical reaction are effective 
to produce at least one n-type and at least one p-type 
region in the thin film of the graphene. 
16. The method of claim 15, wherein inducing the first 
chemical reaction comprises thermally treating the at least the 
first portion of the spin-on glass to remove a solvent from the 
spin-on glass, and is effective to produce an n-type region in 
the at least the first portion of the spin-on glass. 
17. The method of claim 16, wherein inducing the second 
chemical reaction comprises irradiating the at least the sec-
ond portion of the spin-on glass to cross-link the at least the 
second portion of the spin-on glass, and is effective to pro-
duce a p-type region in the at least the second portion of the 
spin-on glass. 
18. The method of claim 15, wherein inducing the first 
chemical reaction and/or inducing the second chemical reac-
tion comprises irradiation with electromagnetic radiation to 
cross-link an irradiated portion of the spin-on glass. 
19. The method of claim 15, further comprising removing 
at least an unreacted portion of the spin-on glass without 
affecting the at least one n-type and at least one p-type region 
in the thin film of the graphene. 
* * * * * 
